The p53 pathway responds to stresses that can disrupt the fidelity of DNA replication and cell division. A stress signal is transmitted to the p53 protein by post-translational modifications. This results in the activation of the p53 protein as a transcription factor that initiates a program of cell cycle arrest, cellular senescence or apoptosis. The transcriptional network of p53-responsive genes produces proteins that interact with a large number of other signal transduction pathways in the cell and a number of positive and negative autoregulatory feedback loops act upon the p53 response. There are at least seven negative and three positive feedback loops described here, and of these, six act through the MDM-2 protein to regulate p53 activity. The p53 circuit communicates with the Wnt-beta-catenin, IGF-1-AKT, Rb-E2F, p38 MAP kinase, cyclin-cdk, p14/19 ARF pathways and the cyclin G-PP2A, and p73 gene products. There are at least three different ubiquitin ligases that can regulate p53 in an autoregulatory manner: MDM-2, Cop-1 and Pirh-2. The meaning of this redundancy and the relative activity of each of these feedback loops in different cell types or stages of development remains to be elucidated. The interconnections between signal transduction pathways will play a central role in our understanding of cancer. Oncogene (2005 Oncogene ( ) 24, 2899 Oncogene ( -2908 Oncogene ( . doi:10.1038 Keywords: p53; feedback loops; autoregulatory
Functions of the p53 pathway
The p53 pathway is composed of a network of genes and their products that are targeted to respond to a variety of intrinsic and extrinsic stress signals that impact upon cellular homeostatic mechanisms that monitor DNA replication, chromosome segregation and cell division (Vogelstein et al., 2000) . In response to a stress signal, the p53 protein is activated in a specific manner by post-translational modifications, and this leads to either cell cycle arrest, a program that induces cell senescence or cellular apoptosis (Jin and Levine, 2001) . In this way, a variety of intrinsic or extrinsic stresses that would result in a loss of fidelity in DNA replication, genome stability, cell cycle progression or faithful chromosome segregation can be accommodated or, alternatively, the clone of cells with these defects eliminated from the body. In addition to these responses to cellular stress at the single-cell level, the p53 pathway in a cell communicates with neighboring cells by secreting a series of proteins that may alter the cellular environment. P53-regulated and p53-secreted proteins may alter the extracellular matrix and influence angiogenic signals in a localized region of a tissue. After DNA damage in a cell, the p53 pathway produces a set of proteins that can aid directly in DNA repair processes. Finally, the activation of the p53 protein and its network of genes sets in motion an elaborate process of autoregulatory-positive or autoregulatory-negative feedback loops, which connect the p53 pathway to other signal transduction pathways in the cell, and through this broader communication permits the completion or the reversal of the p53 programmed responses to stress.
Nature of the stress signals that activate p53 and its pathway
Stresses, both intrinsic and extrinsic to the cell, can act upon the p53 pathway. Among the signals that activate the p53 protein is damage to the integrity of the DNA template. Gamma or UV irradiation, alkylation of bases, depurination of DNA or reaction with oxidative free radicals all alter the DNA in different ways, and for each damaging agent, a different detection and repair mechanism is employed by the cell (for reviews see Giaccia and Kastan, 1998; Gudkov and Komarova, 2003; Oren, 2003) . In each case the proteins that detect and repair the DNA lesion contain enzyme activities that communicate to the p53 protein that the DNA is damaged. This is accomplished by post-translational modifications resulting in phosphorylation, acetylation, methylation, ubiquitination or sumolation of the p53 protein (Figure 1 ) (Appella and Anderson, 2001 ). It appears that different types of DNA damage activate different enzyme activities that modify the p53 protein at different amino-acid residues, and so the nature of the stress signal is transmitted to the protein, and presumably its activity, by a code inherent to the posttranslational modifications that reflect the different types of stress (Colman et al., 2000) . For example, gamma-radiation activates the ATM kinase and the CHK-2 kinase, both of which can phosphorylate the p53 protein, while UV-radiation activates ATR, CHK-1 and casein kinase-2, which results in the modification of different amino-acid residues on the p53 protein (Appella and Anderson, 2001 ). Phosphorylation at the serine and threonine residues and acetylation, methylation, ubiquitination or sumolation at the epsilon amino groups of lysines, mostly at the carboxy-terminal domain of the p53 protein, produce a combinatorial set of modifications that may well be specific to the type of stress acting upon the cell. In this way, the location on the protein and the chemical nature of the protein modification on a single protein, p53, may integrate the collection of stress signals that the cell must cope with in its life cycle. Other types of stress signals also result in different patterns of p53 protein modifications. Ribonucleoside triphosphate pool sizes are monitored and reported to the p53 protein as well as the synthesis and biogenesis of ribosomes in the nucleolus. Very low ribonucleoside triphosphate levels or too few ribosomes to sustain the cell cycle are reported to p53 and cell cycle progression is halted. Hypoxic conditions activate the p53 protein and lead to cell cycle arrest, apoptosis or senescence. Both heat-and cold-shock conditions, which result in denatured proteins and RNA aggregation, activate the p53 pathway. Spindle poisons, which block chromosome segregation, also activate the p53 protein.
Inflammation in tissues and its associated nitric oxide signaling can activate the p53 response. For most of these stress signals, the p53 protein is modified by phosphorylation and acetylation, but the nature of the protein kinases and histone acetylases that carry out these post-translational changes in response to these latter stress signals remains unclear (Vogelstein et al., 2000) .
These protein modifications appear to alter the p53 protein in two ways: first the half-life of the protein in a cell increases, from 6-20 min to hours, and this results in a 3-10-fold increased concentration of the p53 protein in a cell. Second the ability of the p53 protein to bind to specific DNA sequences and promote the transcription of genes regulated by those DNA sequences is enhanced. Collectively, these two changes are the definition of the activation of the p53 protein. The different types of stress that are responded to by the p53 protein have one thing in common: they all have the potential to disrupt the efficient and faithful duplication of the cell, resulting in an enhanced mutation rate or aneuploidy during cell division. Indeed gene amplifications, deletions and aneuploidy are commonly observed and have been correlated with mutations in the p53 gene (Overholtzer et al., 2003) . Thus, the absence of the p53 gene or functional protein predisposes the organism to develop cancers at a young age (Malkin et al., 1990) .
When cells are removed from an animal and placed in culture, these cells will divide a limited number of times, with the cells showing a senescent phenotype as cell division stops. Cell division is limited by the length of the telomere and by the absence of telomerase to restore the proper length to the chromosome end. The ATM kinase appears to sense this problem and signals to p53, which then initiates a program of cellular senescence that stops cell division (termed M1). Inactivation of p53 by mutation or an oncogene like the SV40 T-antigen reverses this block to cell division and permits several more divisions, which then results in cells with very short telomeres, chromosomal abnormalities and massive cell death (termed M2). Any cell that survives these events has many mutations, is aneuploid and is transformed and immortalized (reviewed in Vaziri, 1997) . One of the most intriguing methods of activating the p53 protein in a cell results from the mutational inactivation of some tumor suppressor genes including retinoblastoma (Rb), and adenomatous polyposis coli (APC) or the mutational activation of some oncogenes such as ras and myc. Here, a mutation or alteration in a selected protein that signals inappropriately for entry into the cell cycle is detected by the p53 checkpoint and this cell is usually killed. This is an excellent example of the tumor suppressor phenotype of the p53 protein. This phenotype is mediated by a positive feedback loop in the p53 pathway that connects the p53 node to other signal transduction pathways that regulate cell division (Lowe and Sherr, 2003) . Thus, the p53 gene appears to play a duel role in preventing cancers from arising in a cell population by halting progression of the cell cycle when a stressful event would enhance the error rate, and if a mutation should occur in a gene that regulates the cell cycle, the p53 protein activates the apoptotic pathway in that cell.
The activation of the p53 protein in response to stresses is mediated and regulated by protein kinases, histone acetyl-transferases, methylases, ubiquitin and sumo ligases. As the p53 protein is activated by these protein modifications, it can also be inactivated by phosphatases, histone deacetylases, ubiquitinases or even inhibitors of ubiquitin ligases. In addition, the activated p53 protein appears to interact with a number of proteins that are important for its transcriptional activity such as PML bodies (promyelocytic leukemia bodies) (Louria-Hayon et al., 2003; Zhu et al., 2003) and the Werner helicase (Blander et al., 2000) (Figure 1 ). Several of these associated proteins have been shown to be essential for p53 transcriptional activities or even the selective modulation of genes that p53 may regulate in its pathway to carry out its functions.
Downstream events of the p53 pathway
Once the p53 protein is activated, it initiates a transcriptional program that reflects the nature of the stress signal, the protein modifications and proteins associated with the p53 protein. The activated p53 protein binds to a specific DNA sequence, termed the p53-responsive element (RE), composed of RRRCWWGYYY (spacer of 0-21 nucleotides) RRRCWWGYYY, where R is a purine, W is A or T, and Y is a pyrimidine. Thus, two degenerate 10 bp sequences separated in the genome by a variable length spacer are required to regulate the p53-responsive genes. These p53 REs have been found both 5 0 to a gene and in the first or second introns of a gene. An algorithm that identifies p53-responsive genes in the human and mouse genome has been utilized to detect a number of new genes regulated by the p53 protein (Hoh et al., 2002) . The genes in this p53 network initiate one of three programs that result in cell cycle arrest (G-1 or G-2 blocks are observed), cellular senescence or apoptosis ( Figure 2 ). A major player in the p53-mediated G-1 arrest is the p21 gene product that inhibits cyclin E-cdk2. This cyclin-dependent kinase acts upon the Rb protein to derepress the E2F1 activity that promotes the transcription of genes involved in preparing a cell to progress from G-1 to S phase in the cell cycle. The p53-induced G-2 arrest is mediated in part by the synthesis of 14-3-3 sigma, a protein that binds to CDC25C and keeps it in the cell cytoplasm. CDC25C is a phosphatase that acts upon cyclin B-CDC2, a kinase that is essential for the G-2-to M-phase transition. Keeping CDC25C in the cytoplasm prevents it from activating cyclin B-CDC2 in the nucleus and these cells are blocked in the G-2 phase of the cell cycle (Figure 2 ). The role of the p53 pathway in checkpoint control has been recently reviewed (Iliakis et al., 2003) . Little or nothing is presently understood about the genes p53 must regulate to bring about senescence of cells. Experimentally senescence has been studied, as normal cells taken from an in vivo setting and cultured in vitro undergo multiple divisions in the absence of telomerase activity. The shorter chromosome ends trigger (via the ATM kinase) the activation of p53, which then activates the program for cellular senescence. More recently, a second way of activating the p53-mediated program of cellular senescence has been described. The introduction of an activated ras oncogene into primary cells in culture mediates a p53-dependent senescence. The activation of p53 by a number of different oncogenes (E2F-1, beta-catenin, myc, ras and adenovirus E1A.) is mediated in part by a positive feedback loop that results in the transcription of p19 or p14 ARF de Stanchina et al., 1998; Palmero et al., 1998; Stott et al., 1998; Zindy et al., 1998) , which in turn inhibits the HDM-2 ubiquitin ligase that is responsible for inactivating p53 (Honda and Yasuda, 1999), resulting in an increased level of p53 in the cell (Figure 3 ). While the p53-regulated genes that bring about senescence are less well characterized (Nakamura, 2004) , by contrast a large number of genes directly regulated by p53 are known that contribute to the apoptosis of cells. Several p53-regulated genes enhance the secretion of cytochrome c into the cytoplasm from the mitochondria (bax, noxa, puma) often in a tissue-specific fashion. Cytochrome c interacts with APAF-1 (a p53-regulated gene) to initiate a protease cascade, leading to the activation of caspase9 and then caspase-3 followed by apoptosis. This is the intrinsic apoptotic pathway that is initiated by a number of stress signals that activate the p53 pathway. In addition to the intrinsic pathway, p53 regulates a series of genes that initiate the extrinsic apoptotic pathway (Fas ligand, killer Dr receptor), resulting in the caspase-8 and -3 activities and apoptosis. Mouse gene knockout experiments with many of these individual genes on the p53 apoptotic pathway (Figure 2 ) have demonstrated a significant redundancy in this cell death program. Just which of these three pathways, cell cycle arrest, senescence or apoptosis, may be chosen for the fate of a cell appears to also depend upon the nature of the stress signal, the types and location of the protein modifications on the p53 protein, those proteins associated with p53 and even the pattern of gene expression occurring in the specific tissue undergoing a p53 response. In murine 3T3 cells with a temperaturesensitive p53 gene product, a shift in temperature from 39 to 321C activates p53 and results in a G-1 cell cycle arrest. If these 3T3 cells express high levels of E2F-1 or Myc, then a shift to 321C results in apoptosis (Wu and Levine, 1994) . In some cell types, the addition of a cytokine, such as IL-6, can reverse a p53-mediated apoptosis demonstrating that the interaction of the p53 pathway with other signal transduction pathways can alter the p53 response (Lotem et al., 2003) .
In addition to genes regulated by p53 that give rise to cell cycle arrest, senescence or apoptosis, the p53 protein regulates a set of genes that produce secreted proteins including PAI, maspin and thrombospondin. These secreted proteins may be employed to communicate signals to surrounding cells informing them of a stress response (Komarova et al., 1998) , altering the extracellular matrix and even regulating angiogenic signals to endothelial cells (Nishizaki et al., 1999) . In addition, those p53-activated cells undergoing apoptosis might well sensitize adjacent cells for an enhanced programmed cell death or an altered gene expression. Several experiments have indicated that p53-activated cells provide a 'bystander effect' to the surrounding cells in a tissue or cell culture dish as reviewed in Mothersill and Seymour (2004) . Another set of p53-regulated genes, for example, p53R2 (a ribonucleotide reductase subunit), result in enhanced DNA repair and the inactivation of reactive oxidative intermediates and peroxides in the cell or in the culture media. Finally, a number of p53-regulated genes create a series of negative and positive feedback loops that ultimately fine tune the p53 activity in a cell or turn the p53 protein on or off.
Several lines of evidence have suggested that the p53 protein has an activity that permits it to interact with the mitochondria directly and promote apoptosis. It has recently been shown that in response to DNA damage, mitochondrial p53 translocation triggers a rapid apoptotic response that occurs prior to p53 target gene activation, lending support to the growing notion that p53 can play a role in apoptosis that is transcription independent (Erster et al., 2004) . The prevailing notion is that transcription-independent proapoptotic activities of p53 may result from the interaction between p53 and proteins known to be critical for the cascade, leading to apoptosis. Two such examples include the Fas/CD95 death receptor that is translocated to the plasma membrane by p53 (Bennett et al., 1998) and the p53-mediated translocation of Bax from the cytoplasm to the mitochondria, resulting in cytochrome c release (Schuler et al., 2000) . While a transcription-independent role for p53 has been observed repeatedly by a number of different research groups, it is still unclear as to how much this function of p53 contributes to apoptosis compared to the role of p53 in transcriptional activation. The mutations that inactivate p53 function in cancer cells almost all appear to localize to the DNAbinding domain of the p53 protein and produce a protein that fails to transcribe p53-responsive genes. Thus, the cancer cell appears to select for the loss of transcription factor activity. When fragments of the p53 protein inactive for transcription are overexpressed in HeLa cells in culture, they can induce an apoptosis (Haupt et al., 1997) . Whether this is a consequence of an overexpression activity and has no physiological significance or this means that p53 even without its transcription factor activity can act to kill cells remains a debatable issue in the literature. Similarly, p53 mutant proteins have been shown by many research groups to have a 'gain-of-function' phenotype (Dittmer et al., 1993; Blandino et al., 1999; de Vries et al., 2002) , resulting in enhanced tumorigenic potential, enhanced drug resistance and even allele-specific phenotypes. P53 missense mutant proteins exhibit altered transcriptional activities, suggesting a mechanism for these phenotypes (Kern et al., 1991; Shaulian et al., 1992; Epstein et al., 1998; Bullock et al., 2000) . Tumors with certain gain-offunction mutations in p53 are resistant to chemotherapy compared to cells that lack p53. Recent studies have implicated the p53 homologues p63 and p73, known to be capable of inducing at least some p53 transcriptional target genes (Jost et al., 1997; Kaghad et al., 1997; Yang et al., 1998) , to be important players in this phenomenon (Gaiddon et al., 2001 ). Specific p53 mutants are able to bind to and inhibit p73, thus reducing p73-dependent apoptosis, and the ability of the mutant p53 protein to interact with p73 is influenced by the polymorphism at amino acid 72 in p53. Mutant p53 expressing the Arg72 allele has an enhanced ability to inhibit p73 compared to the mutant p53 Pro72 allele (Marin et al., 2000) . This observation has been extended to a clinical correlation in head and neck cancers. P53 mutants associated with less favorable response to chemotherapy are those that most efficiently inhibit p73 in vitro. Additionally, response was less favorable when the p53 mutation occurred in the 72 Arg allele as opposed to the 72 Pro form. Thus, both the p53 mutation and the polymorphism were shown to influence progression-free overall survival in head and neck cancer (Bergamaschi et al., 2003) . It remains to be seen if this correlation will hold for other types of cancer, but it is intriguing in that it provides a mechanism for the dominant-negative effect of certain p53 mutations.
Positive and negative p53 feedback loops
A variety of studies in the literature have identified 10 positive or negative feedback loops in the p53 pathway (see Figures 3-10) . Each of these loops creates a circuit composed of proteins whose activities or rates of synthesis are influenced by the activation of p53, and this in turn results in the alteration of p53 activity in a cell. Of these, seven are negative feedback loops that modulate down p53 activity (MDM-2, Cop-1, Pirh-2, p73 delta N, cyclin G, Wip-1 and Siah-1) and three are positive feedback loops (PTEN-AKT, p14/19 ARF and Rb) that modulate up p53 activity. All of these networks or circuits are autoregulatory in that they are either induced by p53 activity at the transcriptional level, transcriptionally repressed by p53 (p14/19 ARF, An exciting finding is that the p53 pathway is intimately linked to other signal transduction pathways that play a significant role in the origins of cancer. One of the first connections studied involves p14/p19ARF and MDM-2. The p14/19 ARF protein binds to the MDM-2 protein and modulates down its ubiquitin ligase activity, increasing the levels of the p53 protein (Honda and Yasuda, 1999) (Figure 3) . The transcription of the p14/19 ARF gene is positively regulated by E2F-1 (Zhu et al., 1999) and beta-catenin (Damalas et al., 2001) and negatively regulated by p53 itself. In addition, the levels of p14/19 ARF protein are increased by Ras and Myc activities in a cell (Figure 3 ). The complexity of the regulation of p53 by p14/p19 ARF has been recently reviewed (Lowe and Sherr, 2003) . The p14/19 ARF-MDM-2 complexes are often localized in the nucleolus of the cell due to the nucleolar localization signals present within p14/p19 ARF. The nucleolus is the site of ribosomal biogenesis and p14/19 ARF activity itself can alter the rate of RNA processing of the ribosomal RNA precursor into mature ribosomal subunits (Sugimoto et al., 2003) . Thus, p14/19 ARF by controlling MDM-2 and p53 levels and coordinating this with ribosomal biogenesis plays an important role in cell cycle regulation. This has recently been reinforced by the demonstration that the p14/19 ARF protein can regulate Myc activity as well (and therefore cell size) (Datta et al., 2004) . The MDM-2 in the nucleolus is not, however, a passive entity. The MDM-2 protein has been shown to bind specifically to three large ribosomal subunit proteins L5, L11 and L23 (Marechal et al., 1994; Lohrum et al., 2003; Zhang et al., 2003; , and the binding of L5 or L11 (Lohrum et al., 2003; Zhang et al., 2003) to MDM-2 lowers its ubiquitin ligase activity. In addition, the ringfinger domain of MDM-2 binds specifically to an RNA sequence found in the large ribosomal RNA subunit . While all of these observations point to a central role for MDM-2 and p14/19 ARF in the regulation of ribosome biogenesis and the cell cycle, we do not understand how these observations come together to form this regulatory loop.
The Rb protein can be found in cells in a complex with MDM-2 and p53, resulting in high p53 activity and enhanced apoptotic activity (Xiao et al., 1995) . High levels of active E2F-1 not bound to Rb switches the p53 response from G-1 arrest to apoptosis. Both Rb and MDM-2 are phosphorylated and inhibited by cyclin Ecdk2 (Figure 4 ). When p53 is activated, it stimulates the synthesis of the p21 protein, which inhibits cyclin Ecdk2 activity, and this in turn acts upon the Rb-MDM-2 complex that promotes p53 activity and apoptosis. After DNA damage, both the MDM-2 protein and the p53 protein are modified by the ATM protein kinase (Figure 4 ). This enhances p53 activity in the same way that the p53-MDM-2-Rb complex increases p53 function and is proapoptotic. For a detailed recent review of the p53-Rb-E2F1 axis see Yamasaki (2003) . Part of the activation of the p53 protein involves the phosphorylation of the p53 protein at serines located at residues 33 and 46 by the p38 MAP kinase (Figure 5 ). This p38 MAP kinase is itself activated by phosphorylation (regulated by the Ras-Raf-Mek-Erk pathway) that can be reversed or inactivated by the Wip-1 phosphatase. Wip-1 is a p53-responsive or p53-regulated gene forming a negative autoregulatory loop and connecting the p53 and Ras pathways (Takekawa et al., 2000) (Figure 5 ). An activated p53 protein positively regulates the transcription of the ubiquitin ligase Siah-1 (Fiucci et al., 2004) , which in turn acts to degrade the beta-catenin protein (Iwai et al., 2004) (Figure 6 ). Beta-catenin levels can regulate the p14/19 ARF gene, which in turn negatively regulates MDM-2 and results in higher p53 levels (a positive feedback loop) (Figure 6 ). Siah-1 thus connects the Wnt-betacatenin-APC pathway to the p53 pathway. In some cell types, the p53 protein induces the transcription of the PTEN gene (Figure 7 ). The PTEN protein is a PIP-3 phosphatase. PIP-3 activates the AKT kinase, which has a number of antiapoptotic protein substrates including the MDM-2 protein. Phosphorylation results in the translocation of MDM-2 into the nucleus where it inactivates p53 (Figure 7) . This connects the p53 pathway with the IGF-1-AKT pathway and forms a positive feedback loop for enhanced p53 activity and decreased AKT activity. This loop in p53 regulation has also recently been reviewed (Gottlieb et al., 2002) . These positive and negative feedback loops accomplish two things: (1) they modulate p53 activity in the cell and (2) they coordinate p53 activity with other signal transduction pathways that regulate entry of the cell into the cell cycle (Rb-E2F-1, myc, Ras, beta-catenin, IGF-1 and cyclin E-cdk2 activities).
There are two additional p53 autoregulatory circuits that negatively feedback upon p53 function. One of the most active of the p53-responsive genes is the cyclin G gene. It is rapidly transcribed to high levels after p53 activation in a wide variety of cell types (Okamoto and Beach, 1994; Zauberman et al., 1995; Bates et al., 1996; Yardley et al., 1998) . The cyclin G protein makes a complex with the PP2A phosphatase, which removes a phosphate residue from MDM-2 (Okamoto et al., 2002) (Figure 8 ), which is added to the MDM-2 protein by a cdk kinase (Figure 4) . Phosphorylation of MDM-2 by cyclin A/cdk2 inhibits its activity, thus the cyclin G-PP2A phosphatase enhances MDM-2 activity and inhibits p53. Mice with the cyclin G gene knocked out are viable (Kimura et al., 2001) , and cyclin G null mouse embryo fibroblasts have elevated p53 protein levels in the absence of stress (Okamoto et al., 2002) , demonstrating that this feedback loop is operational in vivo and acts upon the basal levels of p53 in a cell not only the higher p53 activated levels after stress. The second negative feedback loop involves a member of the p53 family of transcription factors, which include p53, p63 and p73 that are related by structure and function and have evolved from a common precursor. After a stress response, the p53 gene is activated, which in turn stimulates the transcription of a particular spliced m-RNA from the p73 gene, called p73 delta N (Figure 9 ). This translates a p73 protein without its amino-terminal domain. All three of the p53 family of proteins have similar domain structures composed of an N-terminal transcriptional activation domain linked to a central core domain that binds to a specific DNA sequence discussed above. All three of the p53 family transcription factors recognize the same DNA sequence, even though p53, p63 and p73 are capable of initiating distinct transcriptional programs. There are, however, a large number of common genes that can be regulated by all three proteins as recently reviewed in Harms et al. (2004) . Thus, when p53 activates the transcription of p73 delta N, the p73 delta N protein can bind to many of the p53-regulated genes, but the absence of a transactivation domain makes it act as a repressor or competitor of p53 transcriptional activation. In this way, a negative feedback loop is set up and p53 activity declines (Grob et al., 2001; Kartasheva et al., 2002) (Figure 9 ). Thus, five of these positive or negative feedback circuits (Rb, PTEN, Siah-1, Wip-1, p14/19 ARF) involve genes and proteins that are central members of other signal transduction pathways, while two (cyclin G and p73 delta N) form direct negative feedback loops.
The final negative feedback loops to be discussed come in the form of ubiquitin ligases. Surprisingly, there appears to be three different p53-ubiqutin ligase activities (MDM-2, Cop-1 and Pirh-1), each of which forms an autoregulatory loop resulting in lower p53 activity (Leng et al., 2003; Dornan et al., 2004) (Figure 10 ). Each gene is transcriptionally activated by p53. Just why there is this level of redundancy is at present unclear. Several possibilities are that these gene products are expressed or act optimally in different cell or tissue types or even at different stages of development. For example, the MDM-2 knockout mouse is lethal at about 6 days after fertilization just at implantation of the blastocyst. This may be triggered by the hypoxia that must occur at that stage, activating p53 in the absence of MDM-2 and causing apoptosis. Consistent with this interpretation is the observation that a p53, MDM-2 double knockout mouse is viable and is born as normal as a p53 knockout mouse (Jones et al., 1995; Montes de Oca Luna et al., 1995) . This is therefore consistent with the idea that the MDM-2 protein acts without a backup ubiquitin ligase activity in the blastocyst stage, but these other proteins might permit more normal function at later stages of development. These ideas are now testable. It is also possible that one or more of these three ubiquitin ligases are involved in the maintenance of p53 levels in the nonstressed or basal state, while others act only after a stress-induced p53 is produced. The activated p53 and the stress-induced p53 proteins have very different protein modifications and the impact of this upon the activity of MDM-2, Cop-1 or Pirh-2 is at present unclear. It appears likely that each of these three ubiquitin ligases form protein complexes in the cell and the associated proteins may well differ for each of these ligases, connecting them to different regulatory circuits. At present, a great deal is known about MDM-2 and relatively little focus has been placed upon the role of Cop-1 and Pirh-2, which have only been reported in the literature in the past year or so. Additionally, very recently p53 was shown to be the substrate of yet another E3 ubiquitin ligase enzyme, topors (Rajendra et al., 2004) . It remains to be determined if topors is also a transcriptional target of p53, and thus should be added to the growing list of proteins contributing to autoregulatory control of the p53 pathway. The next few years of study should address these questions.
As mentioned above, many of the regulatory loops involve MDM-2, thus highlighting the central role of MDM-2 in the control of p53 activity. A genetic analysis of p53 and MDM-2 mutations that block this protein complex has identified critical amino-acid residues in each protein that are important for this binding interaction (Lin et al., 1994; Freedman et al., 1997) . These same amino-acid residues have been shown to make these protein contacts in the crystal structure of the amino-terminus of HDM-2 (the human protein) and a peptide from the amino-terminus of p53 (Kussie et al., 1996) . Residues phenyalanine 19, tryptophan 23 and leucine 26 of p53 form the major contacts in the MDM-2 hydrophobic pocket. Phosphorylation of residues serine 20 and possibly serine 15 should weaken these contacts, and peptides and drugs that compete with these contacts block the p53 MDM-2 complex and promote apoptosis in cells (Klein and Vassilev, 2004) . Thus, the p53-MDM-2 complex and the MDM-2 ubiquitin ligase activity have become a major drug target for some cancers. In about a third of human sarcomas and in some leukemias and glioblastomas, the HDM-2 gene has been amplified and this protein is overexpressed. The p53 gene is wild type and the p53 protein is apparently inactive, so that drugs that break the p53-HDM-2 complex should activate p53. In addition, many other cancers appear to express the HDM-2 gene product at high levels even when the HDM-2 gene is not amplified. In these types of cancers blocking HDM-2 activity or freeing p53 from this complex could well induce apoptosis selectively in the cancer cells. This could also enhance chemotherapeutic activity of some drugs that activate p53.
The p53-MDM-2 autoregulatory loop is predicted to set up an oscillator with p53 and MDM-2 levels increasing and decreasing with time and out of phase in the cell. This has been demonstrated first by measuring MDM-2 and p53 levels using Western blots of proteins from cells in culture undergoing a p53 stress response (Lev Bar-Or et al., 2000) . While oscillations are observed and dampen with time, this experiment averages the protein concentrations from many cells in culture that may be out of phase in their oscillations, giving rise to constructive or destructive interference. For this reason, fluorescently tagged p53 and HDM2 fusion proteins were imaged in individual cells to follow the changes in p53 and HDM-2 levels in cells undergoing a p53 stress response. The expected oscillations out of phase were observed and surprisingly the number of oscillations in a cell was proportional to the dose of radiation given to these cells (Lahav et al., 2004) . This suggests that p53 may measure the intensity of a stress signal in a digital manner (number of oscillations) and not in an analog manner (higher p53 concentrations). Similar oscillations have been observed in other signal transduction pathways that have negative autoregulatory loops such as the NF-k-B pathway with the NF-k-B and I-k-B proteins (Scott et al., 1993) . These digital signals resulting from oscillations in the amount of transcription factors could well result in a pattern of periodic gene expression. However, how digital signals at the transcription factor level are translated into analog signals at the level of the amount of mRNA produced by a gene remain unclear. These experiments lead to the possibility that different numbers of oscillations, the timing or wave length of the oscillations or the amplitude of these oscillations may impact upon the selected pattern of gene expression and the outcome (cell cycle arrest, apoptosis or senescence) of the p53 response.
Why are there so many feedback loops in the p53 pathway? There are many answers to this question. All of the mechanisms may not be active in the same cell or tissue type or at the same stages during development. Feedback loops of the type described here provide a means to connect the p53 pathway with other signal transduction pathways and coordinate the cellular signals for growth and division. Redundancies in a system can sometimes prevent errors and a backup system reduces the phenotype of mutations. On the other hand, not every one of the feedback loops shown in Figures 3-10 may stand the test of time and further experimentation. Many of these pathways have been elucidated by experiments carried out with cancer cells in culture that have mutations that alter these pathways. Even normal cells in culture or knockout mice (due to accommodation to the mutation) may not reflect all the conditions that occur in normal cells and organs in vivo. It is particularly difficult to prove that a specific protein kinase or phosphatase acts upon a specific substrate in vivo and has an outcome that can be measured quantitatively. Thus, we need continue to test and challenge the functions and pathways we believe operate in a cell. However, these constructs, shown in Figures 1-10 , are useful in formulating hypotheses and testing ideas that will surely lead to novel insights into the nature of cancers and the design of drugs and agents that selectively kill cancer cells.
